Genome-wide linkage analysis studies in families with systemic lupus erythematosus (SLE) have revealed consistent evidence of linkage to several regions of the genome. In a previous issue of this journal, Graham and colleagues described their approach to following up the linkage data for one of these regions, 1q41-42. Using methods based on the transmission disequilibrium test, the region likely to harbour a SLE disease gene was refined to 2.3 Mb. This commentary discusses their approach and identifies lessons that may be applicable to the investigation of other complex diseases.
Introduction
Because linkage analysis approaches had been successful in the identification of disorders inherited as Mendelian traits, it was expected that the genetic basis of common diseases would be identified using a similar approach, but results to date may seem disappointing. As for most common diseases, susceptibility to autoimmunity is thought to be determined by both genetic and environmental factors. These autoimmune diseases tend not to be inherited in simple Mendelian fashion, but exhibit complex patterns of segregation. Investigation of these diseases can often be hampered by factors such as late age at disease onset, variable penetrance, variable phenotypic expression (different combinations of genes may predispose to different patterns of disease), unknown genegene and gene-environment interactions, genetic heterogeneity (different genes may produce the same phenotype), and misclassification of clinical phenotypes. Hence, the task of identifying susceptibility genes for complex disorders is enormous.
Investigation of genetic susceptibility loci for systemic lupus erythematosus
Twin and family studies suggest that systemic lupus erythematosus (SLE) has a substantial genetic susceptibility component [1] [2] [3] . Whole-genome scans of SLE families with affected sibling pairs have now been published, and, despite the relatively small sizes of the individual studies and the ethnic heterogeneity of the populations studied, there appears to be a surprising degree of overlap between findings [4] [5] [6] [7] [8] . All the studies have reported linkage to regions of the long arm of chromosome 1. In volume 3 issue 5 of this journal, Graham et al. described their approach to following up this linkage data for one of these regions, mapping to 1q41-42 [9] .
Linkage analysis identifies genomic regions that are shared, identical-by-descent, by siblings affected by disease more often than would be expected by chance alone. However, linkage typically extends for 10 cM or more and such a region could contain 500 genes. Varia-
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tion in any one of these genes could be responsible for the observed linkage. Association is the nonrandom cosegregation of alleles and assumes that populations are descended from a small founder group and that repeated recombinations over generations reduce the shared chromosomal segments to very small regions. Therefore, in order to detect an association, the marker and disease gene must be in linkage disequilibrium [10] . Because linkage disequilibrium extends for shorter distances (~60 Kbp from common coding variants in the North American population) [11] , demonstration of association refines the region likely to harbour the disease gene. Linkage disequilibrium mapping can be carried out either by directly testing potential candidate genes or by using microsatellite markers mapping to a region of linkage. Going directly to candidate genes is fraught with danger. Virtually any gene could be a candidate, and sometimes functional genes appear to have an obscure role, e.g. APOE gene polymorphism and Alzheimer's disease [12] .
The alternative approach taken by Graham et al. was to try to refine the ~16 cM region of linkage likely to harbour the disease gene by first investigating association with a number of microsatellite markers mapping to the region in 210 families with affected sibling pairs and 122 families with three affected members. Using extensions of the family-based association method, the transmission disequilibrium test (TDT) [13] , they found strong evidence for association with one marker, D1S490, by all the TDT methods used. Haplotype analysis not only can increase the power to detect association but also can be used to localise the genetic region harbouring the disease gene. Association with three haplotypes spanning ~9 cM was demonstrated using two-marker approaches. When threemarker haplotypes were investigated, however, association with two different combinations of markers, spanning just 3 cM, was demonstrated. The equivalent physical distance is ~2.3 Mb. Reassuringly, linkage to the 1q41-42 region was largely accounted for by families carrying either of two risk haplotypes spanning the five markers. Even though the results presented in the study provide consistent and compelling evidence to support association to the region using a number of tests, it must be remembered that no correction has been applied for multiple testing, and confirmation of these findings in other data sets is required.
Lessons that can be drawn from this study
The study teaches us several important lessons. Firstly, it demonstrates the usefulness of animal models of disease in implicating candidate susceptibility regions in humans. The 1q41-42 region is homologous to a locus linked to a mouse model of lupus, and linkage in humans was first demonstrated after this area was targeted as a candidate susceptibility region using information from the mouse model [14] . Secondly, it is salutary to note that the linkage results for this region from analysis of whole-genome scans might have been discounted if stringent criteria had been applied [15] . In both whole-genome scans reporting linkage to the region, the LOD scores (logarithms of odds ratios) barely achieved statistically significant evidence for linkage [4] [5] [6] [7] . However, replication of findings by independent groups is strong evidence that the findings are not due to a type-1 error. Identification of association with specific haplotypes of markers and demonstration that families with these haplotypes are largely responsible for the evidence of linkage support the hypothesis that true susceptibility genes may map to the region. Thirdly, this study demonstrates the superior ability of haplotype analysis to detect association over single-point methods. The gain in power from haplotyping arises in two main ways: analysis of single markers for tests of association using TDT-based methods can only use information from families in which transmissions are informative, i.e. when either the known or the inferred parental genotype is heterozygous at the locus under investigation. Haplotype methods can be more powerful, because transmission of a combination of markers is assessed, so that even if the inferred parental genotype is homozygous at one locus, it may not be at a second, third, or subsequent locus. The increase in power provided by haplotype methods also arises because there may be preferential allele transmission at two loci which, when analysed separately, do not achieve statistical significance, whereas a haplotype of alleles from the combination of markers may be strongly associated with disease.
Conclusion
Thus, from a linkage result that implicated an ~16 cM region, Graham et al. have refined the region likely to harbour an SLE disease gene to a manageable 2.3 Mb. A region this size is still likely to contain many candidate genes, so the task of identifying which is the disease gene is still huge. Demonstration of association with polymorphisms mapping to potentially functional domains of a gene may implicate it as the disease gene, but association does not necessarily imply causation (the association could arise due to linkage disequilibrium with a disease mutation in a nearby gene) and confirmation will require functional studies. Alternatively, the animal model in which the homologous region was first implicated may help in the identification of the disease gene.
